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Cellulose  nanofibers  were  successfully  isolated  from  bamboo  using  microwave  liquefaction  combined
with  chemical  treatment  and ultrasonic  nanofibrillation  processes.  The  microwave  liquefaction  could
eliminate  almost  all the  lignin  in  bamboo,  resulting  in high  cellulose  content  residues  within  7  min,  and
the  cellulose  enriched  residues  could  be  readily  purified  by subsequent  chemical  treatments  with lower
chemical charging  and  quickly.  The  results  of  wet  chemistry  analyses,  SEM  images,  and  FTIR  and  X-ray
spectra  indicated  the  combination  of microwave  liquefaction  and  chemical  treatment  was  significantly
ellulose nanofibers
icrowave liquefaction

amboo
ltrasonic nanofibrillation

efficient  in  removing  non-cellulosic  compounds.  Ultrasonication  was  used  to separate  the  nanofibrils
from  the  purified  residues  to extract  nanofibers.  The  TEM  images  confirmed  the presence  of  elementary
fibrils,  nano-sized  fibril  bundles,  and  aggregated  fibril  bundles.  As  evidenced  by  the  TGA analysis,  cellu-
lose  nanofibers  isolated  by this  novel  technique  had  high  thermal  stability  indicating  that  the  isolated
nanofibers  could  possibly  be applied  as  reinforcing  elements  in  biomaterials.

© 2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

Renewable and biodegradable lignocellulosic biomass is of great
nterest because of depleting fossil fuel reserves and increas-
ng public concern for environmental stewardship. Cellulose is
he main component of lignocellulosic biomass and has received
ncreasing attention due to its wide existence, excellent per-
ormance, biocompatibility, low density, thermal stability, and
nvironmental benefits (Fatah et al., 2014). Recently, cellulose has
een considered as a promising resource for reinforcing poly-
er  matrixes for the preparation of green sustainable materials

nd bioethanol production. Regardless of its potential applica-
ions in emerging bio-based materials and bioenergy industries,
ellulose consists of a linear homopolysaccharide composed of �-d-
lucopyranose units linked together by �-1-4-linkages (Khalil et al.,

014). The cellulose molecules are aggregated into elemental fib-
ils with diameter ranges of 2–5 nm by intermolecular forces and
ydrogen bonds (Hideno, Abe, & Yano, 2014). Therefore, from its

∗ Corresponding author.
E-mail address: qijinqiu2005@aliyun.com (J. Qi).

ttp://dx.doi.org/10.1016/j.carbpol.2016.06.011
144-8617/© 2016 Elsevier Ltd. All rights reserved.
unique biological structure, it is reasonable that various nanometer
sized single fibers that are also referred to as cellulose nanocrys-
tals, whiskers, nanowhiskers, cellulose nanofibrils, microfibrillated
cellulose, or nanofibers have been isolated (Khawas & Deka, 2016;
Shinoda, Saito, Okita, & Isogai, 2012; Sacui et al., 2014; Wu  et al.,
2013; Yue et al., 2012).

With the growing demand for sustainable green materials, iso-
lation of cellulose nanofibers has been extensively investigated
(Khalil et al., 2014; Khalil, Bhat, & Yusra, 2012). Nanofibers have
been widely used for the preparation of nanostructured biocom-
posites (Ansari, Skrifvars, & Berglund, 2015; Awal, Rana, & Sain,
2015; Silverio, Neto, Dantas, & Pasquini, 2013), tough hydrogels
(Abe, Ifuku, Kawata, & Yano, 2014), membranes (Ma,  Burger, Hsiao,
& Chu, 2014), and transparent nanopaper or film (Qing et al.,
2015; Sun, Wu,  Ren, & Lei, 2015) owing to its high crystalline with
strong mechanical performance and outstanding thermal stabil-
ity (Tibolla, Pelissari, & Menegalli, 2014). Over the past decades,
a large number of lignocellulosic biomass has been explored for

the generation of cellulose nanofibers (Abe, Iwamoto, & Yano,
2007). The common raw materials used for the production of cel-
lulose nanofibers are wood (Wang, Li, Yano, & Abe, 2014), bamboo
(Lu, Lin et al., 2015), wheat straw (Chen et al., 2011), Phormium

dx.doi.org/10.1016/j.carbpol.2016.06.011
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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enax (Fortunati et al., 2013), banana peels (Khawas & Deka, 2016;
elissari, Sobral, & Menegalli, 2014), orange peel waste (Hideno
t al., 2014), date palm fruit stalks (Hassan, Bras, Hassan, Silard, &
auret, 2014), oil palm empty fruit bunch (Fahma, Iwamoto, Hori,

wata, & Takemura, 2010), de-pectinated sugar beet pulp (Li, Wang,
i, Cheng, & Adhikari, 2014).

Usually, pretreatment and nanofibrillation are essential pro-
esses for the isolation of cellulose nanofibers from plant fibers.
he pretreatment process such as acid or alkali treatment (He, Jiang,
un, & Xu, 2014; Yue et al., 2015), enzymatic pretreatment (Hassan,
ras, Hassan, Silard, & Mauret, 2014; Tibolla et al., 2014; Zhu, Sabo,

 Luo, 2011), ionic liquids (Han, Zhou, French, Han, & Wu,  2013),
EMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) mediated oxidation
Jausovec, Vogrincic, & Kokol, 2015; Shimizu, Saito, & Isogai, 2014;
akaichi, Saito, Tanaka, & Isogai, 2014), and steam explosion treat-
ent (Chirayil et al., 2014) were first used to remove non-cellulosic
aterials in plants, and then nanofibrillation technologies such as

rinders (Jang, Lee, Endo, & Kim, 2013; Yousefi et al., 2013), high-
ressure homogenizers (Yue et al., 2012), and ultrasonic method
Tang, Yang, Zhang, & Zhang, 2014) were used to generate high
hear forces to separate the fibrils from the purified cellulose fibers.

Though cellulose nanofibers have been successfully isolated
rom these aforementioned technologies and the results were
ncouraging, drawbacks still exist such as chemical regent cost,
igh energy consumption, time-consuming, and equipment degra-
ation has limited these techniques for practical applications.
dvanced techniques for production of cellulose nanofibers with

ow cost, environmentally friendly, and time efficiency are still
equired.

As an efficient method, liquefaction has been applied in the
onversion of solid woody materials into soluble liquid products,
nd the liquid products have shown great potential as alternatives
or petroleum to produce value-added bio-based products (Xie, Qi,
se, & Shupe, 2014). In recent years, microwave energy has been
pplied in the liquefaction of lignocellulosic biomass to enhance
he biomaterials industry (Xie, Hse, Shupe, Qi, & Pan, 2014; Xie,
hai, Hse, Shupe, & Pan, 2015). Compared to conventional lique-
action, microwave-assisted liquefaction has advantages such as
ime efficiency, low chemicals and energy consumption, and eco-
omically viability. The products from this technique also showed
omparable properties compared to the commercialized ones. As
or the liquefaction of wood residues in the binary of glycerol and
thylene glycerol, lignin and hemicellulose in the wood were sig-
ificantly decomposed in the initial liquefaction stage (20–40 min)
ith the reaction temperature of 160 ◦C, while the cellulose con-

ent in the wood increased (Zhang, Pang, Shi, Fu, & Liao, 2012). Pan
lso observed that the lignin content in the liquefied Chinese tallow
ood residue significantly decreased as the liquefaction processes

esulting in enriched cellulose residues (Pan, Shupe, & Hse, 2007).
he lignin content in the microwave liquefied bamboo residues
lso showed significantly decrease as the reaction temperature
ncreased from 75 ◦C to 120 ◦C (Xie, Hse et al., 2014). Therefore,
t could be concluded that in the reactions of both conventional
nd microwave-assisted liquefaction of lignocellulosic biomass in
n organic solvent with acid as a catalyst, the decomposition of the
hree major components (cellulose, lignin, and hemicellulose) in
ignocellulosic biomass was in the order of lignin, hemicellulose,
nd cellulose.

Based on this mechanism, Chen proposed a selective liquefac-
ion process for the production of cellulose and biobased resins,
he finding in his research showed that large amount of hemicel-
ulose and lignin could be liquefied at 100 ◦C in 30 min, and the

etained cellulose had higher susceptibility for enzymatic attack.
his approach offered a new approach for the utilizations of lig-
ocellulosic biomass in the bioethanol and biobased materials

ndustries (Chen, Zhang, & Xie, 2012). In order to extract cellulose
ers 151 (2016) 725–734

for use in both bio-fuels and reinforcing materials, the combination
of bleach and liquefaction processes was described in the research
of Li et al. (2015), in which hemicellulose was  selectively liquefied
to get cellulose. From the previous research results, it was  obvi-
ous that cellulosic fibers could be easily produced by subjecting the
raw lignocellulosic biomass to a liquefaction process with reactions
conditions properly controlled.

Therefore, in this study microwave liquefaction was proposed
to generate cellulose enriched residues from bamboo. Thereafter,
the cellulose enriched residues were chemically purified with
low charging of chemicals. Cellulose nanofibers were isolated
by ultrasonic nanofibrillation of the chemically purified cellulose
fibers. Morphology, crystallinity, and thermal stability of the iso-
lated nanofibers were determined by employing scanning electron
microscopy, X-ray diffraction, and thermogravimetry, respectively.
This study attempts to achieve an efficient approach for the gen-
eration of cellulose nanofibers with the combination of microwave
liquefaction and ultrasonic nanofibrillation.

2. Materials and methods

The major procedures for isolation of nanofiber in this study
included reduction of bamboo, microwave liquefaction, anti-
solvent fractionation, chemical treatments, and ultrasonication.
Fig. 1 depicts the flow chart of the procedures.

2.1. Materials

Three-year-old moso bamboo culms (Phyllostachys pubescens)
were harvested from the Kisatchie National Forest, Pineville, La,
USA. The moso bamboo was selected because the annual yield of
moso bamboo was  greater than all other kinds of bamboo (about
1.8 × 107 tons) and the integrated utilizations of moso bamboo via
liquefaction may  provide potential approach for the production
of high-value added bioproducts (Jiang et al., 2012). The bamboo
culms were reduced to particles using a Thomas Wiley Laboratory
Mill (Model 4) equipped with a 2 mm screen. The particles (length:
0.05–6.23 mm,  diameter: 0.01–1.1 mm)  were screened to collect
particles that passed through a 20-mesh sieve and then retained on
a 40-mesh sieve. The average length and diameter of the particles of
20–40 mesh were 5.06 mm and 0.567 mm,  respectively. The weight
percentage of particles between 20 mesh and 40 mesh was  25.20%,
and that for particles in the range of 10–20 mesh, 40–60 mesh,
60–80 mesh, 80–100 mesh, and >100 mesh were 0.22%, 44.42%,
10.08%, 5.86%, and 14.22%, respectively. The particles were dried
to a constant weight in an oven maintained at 80 ◦C. The dried par-
ticles were stored in polyethylene bags and used without further
treatment. All chemicals including acids, glycerol, and methanol
were of reagent grade and obtained from commercial sources.

2.2. Microwave liquefaction

Microwave liquefaction of bamboo was  carried out in a Mile-
stone laboratory microwave oven (Ethos EX, 1200 W maximum
microwave power, 100 bar maximum operating pressure, ASM-
400 magnetic stirrer for homogenous mixing of samples, 300 ◦C
maximum operating temperature, fiber-optic temperature sensor)
equipped with 100 mL  sealed Teflon reaction vessels that are actu-
ally a system of components that consist of a vessel that contains
the sample, a vessel cover, a safety shield, a vent indicator ring, and
a pressure adapter plate. The Teflon vessels used in this study have

excellent properties with regard to temperature, acid, and pres-
sure resistance, which was  suitable for the chemicals used in this
research. The application of this vessel system also enables that the
microwave system could provide a closed, clean environment, pre-
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ig. 1. Procedures for the isolation of cellulose nanofibers in this study.(For interpr
his  article.)

ent loss of volatile species, minimize the use of expensive acids,
nd safely release the over-pressures in the vessel.

Mixed glycerol and methanol at a ratio of 2/1 (w/w) were used
s the solvent at a solvent to bamboo ratio of 4/1 (w/w). Sulfuric
cid (1.75% of solvent weight) of concentration of 98% (wt) was
sed as the catalyst because sulfuric acid could provide strong acid
ites during the liquefaction reaction. The highly reactive protons
n sulfuric acid are able to activate the oxygen atoms in the gly-
osidic bonds. The reaction mixture consisting of 2 g of bamboo
articles, 8 g of solvent, and 0.14 g of sulfuric acid were loaded in
00 mL  Teflon vessels with a magnetic stirring bar. The Teflon ves-
els were then placed on the rotor tray inside the microwave cavity.
he temperature was increased from room temperature to 120 ◦C

n 3 min  and then was kept constant for a desired time. The tem-
erature was monitored using an ATC-400FO automatic fiber optic
emperature control system by putting the sensor into a reference
essel. As for the reaction setup in this study, microwave power
as automatically adjusted in the range of 0–550 W based on con-

inuous feedback from the process sensors to allow the reaction to
ollow the desired temperature profile. At the end of the reaction,
he vessels were removed from the microwave cavity and cooled
or 15 min. Afterwards, the resulting reaction mixtures were dis-
olved in methanol and then vacuum-filtered through Whatman
o. 4 filter paper. The solid retained on the filter paper was washed
ith methanol and oven-dried at 105 ◦C. The yield is the mass per-

entage of the residue solid to the original bamboo.

.3. Chemical treatments

The residues from the microwave liquefaction process were
urther chemically purified. The residues were first bleached in
cidified NaClO2 solution (0.1% w/v) at 75 ◦C for 1 h. The bleaching
rocess was to remove the phenolic compounds or molecules from

ignin retained in the residues after microwave liquefaction. The
esidue was filtered and washed with deionized water until its pH

as neutral. Next, the beached residues were treated with NaOH

olution (0.4%) at 75 ◦C for 30 min  to partially remove hemicellu-
ose. Thereafter, the residual was filtered and rinsed with deionized

ater until the pulp was  neutral.
n of the references to color in the text, the reader is referred to the web  version of

2.4. Ultrasonic nanofibrillation

The chemically purified residues were soaked in deionized
water (concentration 0.2 wt%) and then subjected to ultrasonic
fibrillation using an ultrasonic generator equipped with a 1.5 cm
cylindrical probe. The process was  performed at a frequency of
25 kHz with an output power of 750 W for 30 min. The ultrasonic
fibrillation was  conducted in an ice bath, and the ice was  main-
tained throughout the entire process.

2.5. Characterization

2.5.1. Cellulose content
The purity of the fibers from each stage was  characterized by

determination of �-cellulose content in accordance with ASTM D
1102-84. The residual lignin content was determined by the Klason
lignin method (ASTM D 1106-96). A referenced method was used to
determine the hemicellulose content (Zhang, Pang, Shi, Fu, & Liao,
2012).

2.5.2. Scanning electron microscope
The surface morphology of the bamboo particles and fiber sam-

ples were observed using scanning electron microscopy (SEM,
JCM-5000). Test samples were coated with gold using a vacuum
sputter coater before subjected to the SEM analysis.

2.5.3. Transmission electron microscope
The concentration of aqueous cellulose nanofibers suspensions

was diluted from 0.2% to 0.01% (w/w). A droplet of the diluted
suspension was  deposited on the surface of carbon-coated cop-
per grids. As for contrast in TEM, the cellulose nanofibers were
negatively stained in a 2% (wt) solution of uranyl acetate. The mor-
phology of cellulose nanofiber was  observed using a transmission

electron microscope (TEM, JEOL 100CX, JEOL, Inc., Peabody, MA,
USA) with an accelerating voltage of 80 kV. The diameter of the cel-
lulose nanofibers were calculated by measuring one hundred fibers
randomly selected from several TEM images.
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.5.4. Fourier transform infrared spectroscopy
The FT-IR analysis was performed by a Nicolet Nexus 670 spec-

rometer equipped with a Thermo Nicolet Golden Gate MKII Single
eflection ATR accessory. Data collection was performed with a

 cm−1 spectral resolution and 32 scans were taken per sample.

.5.5. X-ray diffraction
Crystallinity of the original bamboo and fiber samples were

nalyzed using wide angle X-ray diffraction (Bruker D 5000). The
ata were generated by a diffractormeter with Cu K� radiation
� = 1.54 A) at 40 kV and 30 mA  over the angular range 2� = 5–40◦

nd a step time of 2.0 s. A focusing powder diffraction method was
pplied. The crystallinity index (CrI) was determined using the fol-
owing equation:

rI(%) = I002 − Iam

I002
× 100 (1)

here I002 is the intensity of the diffraction from the (200) plane at
� = 22.1◦, and Iam is the intensity for amorphous material taken at
� = 18◦ (French, 2014).

.5.6. Thermogravimetric analysis
TG/DTG analysis was conducted with a thermal analyzer, TGA

Q50), to simultaneously obtain thermogravimetric data. About
 mg of sample was analyzed by the thermal analyzer. Pyrolysis
as terminated at 800 ◦C with a heating rate of 20 ◦C/min under a
ow of 60 mL/min of nitrogen gas.

. Results and discussion

.1. Liquefaction and preparation of cellulose fibers

Cellulose fibers were isolated by the combination of a
icrowave liquefaction process combined with bleaching and

lkali treatment prior to subjecting to ultrasonic nanofribillation.
able 1 illustrates the yield and chemical compositions of the
esidues after the microwave liquefaction and chemical treatment
tages. The residue yield decreased with increasing reaction time.
he residual lignin content in the liquefied residues showed a
ignificant decrease with respect to reaction time, while the cel-
ulose content significantly increased. Table 1 also indicated that
he liquefaction of bamboo could also partially eliminate the hemi-
ellulose. However, the hemicellulose content first increased and
hen decreased with increasing liquefaction time. The increase in
emicellulose content in the initial reaction stage was  attributed
o the significant weight loss of lignin, and thereafter enriched the
esidue resulting in higher (relatively) cellulose and hemicellulose
ontent, and the decrease in hemicellulose as the liquefaction pro-
essing was mainly due to the degradation of hemicellulose itself.
he decrease in residue yield induced by prolonging the reaction
ime is mainly due to the efficient removal of non-cellulosic com-
onents such as lignin and hemicellulose from bamboo, and thus
esulting in the increase in cellulose content. The residues obtained
rom the liquefaction at 120 ◦C/7 min  had a cellulose content of
0.74%, which was about 170% of that for the original bamboo, and
he residual lignin content was as low as 1.66%.

However, the residues with high cellulose content from the liq-
efaction process at 120 ◦C/7 min  showed a light brownish color
Fig. 1), indicating that a small amount of lignin was  retained in the
esidue as confirmed by the above mentioned chemical analysis
esults. To further purify the fibers from the liquefaction process

t 120 ◦C/7 min, chemical treatments were conducted in sodium
hlorite and alkali solution (0.4%). After chemical treatment, the
esidues became pure white, and the cellulose content increased to
3.67%, and the lignin content was as low as 0.13%. The chemically
ers 151 (2016) 725–734

purified residues obtained in this study showed comparable cellu-
lose content as that reported in Chen’s report (Chen et al., 2011),
i.e., �-cellulose content for chemically purified bamboo fiber was
84.4%. Moreover the time required for such purity of cellulose fibers
was mere 1/8 of that in Chen’s study. Chemically purified cellulose
as reported in Chen’s study was  obtained from a process involving
dewaxing, bleaching, alkali treatment in 16 h. Furthermore, after
liquefaction, the chemical usage for further purifying residues was
much lower than that used in previously reported methods (Wu
et al., 2013), in which dewaxed samples were bleached three time
in 1.4% acidified NaClO2 followed by alkali treatment with 5% KOH
for 4 h.

3.2. Morphological observation

SEM images of the raw bamboo particles and samples from
microwave liquefaction and chemical treatments are presented in
Fig. 2. The original bamboo showed large fiber bundles and intact
structures. Some small fragments were attached on the uneven sur-
faces (Fig. 2a and b). The diameter of the raw bamboo sample was
567 ± 149 �m.  The morphological structure of the residues from
microwave liquefaction differed significantly from that of the orig-
inal bamboo. After 7 min of reaction time, the fiber bundles were
separated into individual micro-sized fibers with a diameter of
17 ± 6.9 �m.  The separation of fasciculus induced by microwave
liquefaction is mainly attributed to the removal of lignin in the
middle lamella, resulting in the collapse of the compact bamboo
structure. It was  obvious that the microwave liquefaction was effi-
cient in defibrillation of bamboo by dissociating and dissolving the
cementing components. As can be seen in Fig. 2d, small granules
(1–2 �m)  were found on the surface of the residues. These gran-
ules were ascribed to lignin substrates. Similar granules were also
observed on the residues from microwave liquefaction of bamboo
for biopolyols, and the granules were confirmed as lignin substrates
by FTIR analysis (Xie, Hse et al., 2014; Xie, Huang, Qi, Hse, & Shupe,
2014). This result indicated that a small amount of lignin was still
retained on the residues, which was consistent with results from
the wet chemistry analysis as discussed above.

After bleaching due to the complete elimination of lignin on
the fiber surface and in the fiber cell wall, the micro-sized fibers
were opened as evidenced by fissures (Fig. 2e). Meanwhile the fiber
surface became rough, and microfibrils bundles (0.5–1.0 �m)  that
were composed of nano-sized fibrils were obviously visible and
began to peel off from the micro-sized fibers (Fig. 2f). Compared to
the fibers from the bleached residues, fibers from the alkali treated
residues became irregular and were much rougher because of the
partial removal of hemicellulose (Fig. 2g). Curled and flat fiber cells
with many fibril bundles attached were observed in the SEM images
of the alkali treated residues (Fig. 2g). From the SEM images of the
alkali treated fibers, it seemed that the nano-sized fibril bundles
attached to each other without any non-cellulosic cements filling
in the space (Fig. 2h). The ultrasonic treatments resulted in the
breakdown of the hydroxyl bonds and nano-sized fibril bundles
and individual nano fibrils were released as evident from the TEM
images.

The obtained cellulose nanofiber aqueous suspension was
diluted and characterized by TEM. The TEM images confirmed the
presence of individual nanofibers (Fig. 3a). As shown in Fig. 3b, indi-
vidual long fiber-like nano fibrils were entangled together forming
a web-like structure. An interconnected network of nanofibers
could provide great reinforcing capability for composite applica-
tions (Bhatnagar & Sain, 2005); therefore, the nanofibers obtained

in this study are of particular interest for future research in this
regard. It is interesting to note that an opening of a fibril bundle
(19 nm) is clearly shown in Fig. 3c. The diameters of the split single
fibrils in the opening position were 2–5 nm,  which was  in the diam-
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ig. 2. SEM images of original bamboo (a and b), residue from microwave liquefacti
esidue  from alkali treatment of bleached samples (g and h).

ter range of single elemental fibrils in higher plants (Somerville

t al., 2004). This result demonstrated that the nanofribillation force
ntroduced by the ultrasonicator was strong enough to defibrillate
he cellulose fibers which were obtained by microwave liquefac-
ion and chemical treatment to the elemental fibril level. This
20 ◦C/7 min  (c and d), residue from the bleaching of liquefied residue (e and f), and

was because ultrasonic treatment can break the hydrogen bonds

and disintegrate microfibers into nanofibrils. Fig. 3d presents the
aggregate of individual fibrils. It can be seen that individual fibrils
associated with one another and formed a large aggregated bundle
with a diameter of about 20 nm.
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ig. 3. TEM images of (a) individual/elemental fibril, (b) nanofiber network structu
The TEM images were further processed with analysis software
ImageJ) to determine the diameter. The diameter of the nanofibers
as in the range of 2–30 nm.  For comparison, the nanofibers

btained in this study had a similar diameter to the cellulose
 opening of fibril bundle, (d) aggregated bundle, and (e) diameter distribution.
nanofibers isolated from bamboo in other studies; the diameter
for nanofibers prepared by using mechanochemical and chemical-
ultrasonic processes were 15–30 nm and 10–40 nm,  respectively
(Chen et al., 2011; Lu, Tang et al., 2015). Fig. 3e presents the
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Table  1
Yield and chemical compositions of residues at each stage of the treatments.

Samples Residue yield (%) Cellulose (%) Hemicellulose (%) Klason lignin (%)

Original bamboo 100.00 ± 0.00 41.72 ± 2.37 22.86 ± 2.19 20.91 ± 0.24
120 ◦C/3 min 60.95 ± 3.42 52.85 ± 3.16 25.49 ± 3.06 7.44 ± 0.61
120 ◦C/5 min  45.99 ± 1.87 66.74 ± 2.09 19.90 ± 1.58 3.82 ± 0.05
120 ◦C/7 min  42.28 ± 2.66 70.74 ± 

Bleaching 37.51 ± 1.47 75.30 ± 

Alkali  treatment 34.17 ± 1.66 83.67 ± 
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ig. 4. FTIR spectra of (a) original bamboo, (b) microwave liquefied residue, (c)
leached residue, (d) alkali treated residue, and (e) cellulose nanofiber.

iameter distribution of the nanofibers. About 70% of fibers have
 diameter within 2–10 nm,  22% of the fibers had a diameter
ithin 12–20 nm,  and only 9% of the fibers had a diameter greater

han 20 nm.  The TEM images and the diameter distribution results
evealed that the aqueous suspension contained nanometer scale
bers comprised of a large number of elemental fibrils, some fibril
undles, and a small amount of aggregated bundles.

There was no precipitate formed in the nanofiber aqueous sus-
ension after setup for 24 h, indicating that the nanofiber samples
ere still stable after setup for 24 h (Fig. 1). This may  be attributed

o the strong fibrillation forces induced by high-intensity ultrason-
cation. The introduction of sulphate groups during the liquefaction
rocess that was confirmed by the FTIR spectra as discussed later
ay  also contribute to the stability of the nanofiber suspensions

ince the sulphate groups could provide negative electrostatic layer
n the surface of the nanofibers resulting in the homogeneous and
table aqueous suspensions (Bondeson & Oksman, 2007) .

.3. FTIR spectroscopy analysis

The FTIR spectra of the original bamboo, microwave lique-
ed residue, bleached residue, alkali treated residue, and cellulose
anofiber are presented in Fig. 4. The absorbance peak at 3330 cm−1

epresents the stretching vibration of OH and the intensity peak at
890 cm−1 was  attributed to the asymmetric stretching vibration of
H2 in cellulose, hemicellulose, and lignin were found in all spectra.

The spectrum of the original bamboo showed a significant dif-
erence from that of the microwave liquefied residue. The peaks
t 1735 cm−1 (attributed to the acetyl and uronic ester groups or

he ester linkage of the carboxylic group of ferulic and p-coumaric
cid of hemicellulose), 1596 cm−1 and 1506 cm−1 (arising from the
romatic skeletal vibration), 1456 cm−1 (assigned to C H defor-
ation combined with aromatic ring vibration), and 1230 cm−1
1.78 18.85 ± 1.74 1.66 ± 0.15
1.31 18.53 ± 1.43 0.29 ± 0.02
2.69 13.97 ± 1.67 0.13 ± 0.06

(corresponding to methoxyl groups of lignin) were all shown to
be strong peaks in the spectra of the original bamboo. The peak
at 1735 cm−1 was  weakened in the spectrum of microwave lique-
fied residue, indicating the cleavage of the linkages between ferulic
acid or p-coumaric acid or (p-) hydroxycinnamic acids and lignin
in the fibers (Sun & Chen, 2008). The dissociation of the key ester
linkages between lignin and carbohydrates promoted the disso-
lution of lignin into the solvents. The absorbance bands at 1596
and 1456 cm−1 disappeared and the bands at 1506 and 1230 cm−1

became small shoulders. This result indicates that lignin functional
groups such as aromatic rings were almost completely dissoci-
ated and dissolved with only a small amount of associated lignin
retained on the residues. The retained lignin was  confirmed by
the aforementioned SEM images, in which lignin residues were
observed on the exterior surface of the fibers from the residues.
The absorbance band at 1203 cm−1 attributing to S O vibration
appeared in the spectra except for that of the original bamboo (Lu &
Hsieh, 2010), revealing that sulphate groups were introduced dur-
ing the microwave liquefaction process since sulfuric acid was used
as the catalyst.

All of the four characteristic absorbance bands of lignin (1596,
1506, 1456, and 1230 cm−1) were absent in the spectrum of
the bleached residues (Fig. 4, spectrum c), suggesting the com-
plete removal of lignin from the residue. The peak at 1735 cm−1,
attributed to hemicellulose, disappeared in the spectrum of the
alkali treated residue. This disappearance indicated that the
removal of hemicellulose was achieved by the diluted sodium
hydroxide solution (Fig. 4, spectrum d). No significant difference
was found between the spectra of the alkali treated residue and the
nanofibers indicated that the ultrasonic nanofribillation process did
not change the chemical structures of the fibers.

3.4. Crystallinity analysis

Fig. 5 shows the WXRD spectra of the original bamboo,
microwave liquefied residue, bleached residue, alkali treated
residue, and cellulose nanofibers. All of the XRD patters displayed
peaks at 2� = 14.9◦, 16.1◦, 22.1◦, and 34.5◦, corresponding to the
(11̄0), (110), (200), and (004) crystallographic planes, respectively
(French, 2014). These peaks were typical signatures of cellulose I
crystalline structure, which was  performed by repeating �-(1 → 4)
– d-glucopyranose units, and building blocks of parallel glucan
chains (Paakko et al., 2007).

The calculated crystallinity index (CrI) values were 52.3 and
70.6% for the original bamboo and microwave liquefied residue,
respectively. The bamboo crystallinity was  improved by 135% after
liquefying for 7 min. This significant increase (p < 0.05) of crys-
tallinity in the microwave liquefied residues with comparison to
the original bamboo was attributed to the efficient dissolution and
removal of non-cellulosic materials such as lignin and extractives
from the amorphous regions and enrichment in cellulose content in
the liquefied residues during microwave liquefaction. This was  in

good agreement with the chemical analyses results (Table 1). This
result also indicated that microwave liquefaction could be used as
an efficient pre-purification process for the isolation of cellulose
fibers.



732 J. Xie et al. / Carbohydrate Polymers 151 (2016) 725–734

F
r

t
e
t
7
t
a
l
l
t
d
v
d
t
c
w
(

3

f
l
b
5
l
A
2
o
a
r
o
d
c
c
T

t
c
f
o
i
L

ig. 5. X-ray diffraction spectra of (a) original bamboo, (b) microwave liquefied
esidue, (c) bleached residue, (d) alkali treated residue, and (e) cellulose nanofiber.

The crystallinity was further increased to 72.5% by the applica-
ion of a bleaching treatment. This was mainly due to the complete
limination of retained lignin in the liquefied residues. The alkali
reatment also improved the crystallinity of the bleached residue to
4.2% by partially removing the hemicellulose. However the crys-
allinity of the nanofibers was found to be lower than that for the
lkali treated residue; the CrI for the nanofiber was 67.4%. This was
ikely due to the breakdown of the hydrogen bonds of the cellu-
ose fibers during the ultrasonic nanofribillation process, revealing
hat the ultrasonication treatment caused damage to the crystalline
omain of the nanofibers. This result was in accordance with a pre-
ious study in which Lu found that ultrasonication treatment could
amage the crystalline region of cellulose resulting in a decrease in
he crystallinity index (Lu, Tang et al., 2015). The decrease in the
rystallinity for nanofibers from cellulose pulp was  also reported
hen a high pressure homogenizer was applied for nanofribillation

Fatah et al., 2014).

.5. Thermal stability

The TG and DTG curves of the original bamboo and samples
rom each stage are illustrated in Fig. 6. Three different weight
oss processes were observed in the TG curve for the original bam-
oo. The initial weight loss was found in the temperature range of
0–200 ◦C due to the evaporation and removal of bound water and

oss of extractives existing in bamboo (Qi, Xie, Hse, & Shupe, 2013).
 dramatic weight loss was shown in the temperature range of
20–450 ◦C which was attributed to the thermal depolymerization
f carbohydrates and lignin. The small weight loss in the temper-
ture range of 450–650 ◦C contributed to the degradation of lignin
esidues from the second stage tar and char. On the DTG curve of the
riginal bamboo, a small shoulder at 260 ◦C corresponding to the
ecomposition of hemicellulose was found. The peaks on the DTG
urves were the maximum degradation rate temperature (Tmax)
orresponding to the thermal decomposition of cellulose and the
max for the original bamboo was 333 ◦C.

The Tmax for the microwave liquefied residue was  25 ◦C lower
han that for the original bamboo. The reason may  be that, the
ompact bamboo structure was dissociated by microwave lique-

action; the obtained residues had a larger surface area comprised
f small hemicellulose and lignin fragments that could be eas-

ly decomposed at lower temperature (Pang, Gaddipatti, Tucker,
ester, & Wu,  2014). These substances may  initiate more active
Fig. 6. TGA and DTG curves of (a) original bamboo, (b) microwave liquefied residue,
(c) bleached residue, (d) alkali treated residue, and (e) cellulose nanofiber.

sites and accelerate the decomposition of the residues. Another
explanation may  be the introduction of sulphate groups into the
residues during the liquefaction process, which was  confirmed by
the FTIR spectra as shown in Fig. 4 and discussed earlier. The sul-
phate groups worked as a dehydration catalyst and decreased the
activation energy of cellulose chain degradation (Jahan, Saeed, He,
& Ni, 2011). The bleached residue and alkali treated residue showed
a higher Tmax than the original bamboo. This was largely due to the
complete elimination of lignin and partial removal of hemicellu-
lose. The highest Tmax was found for nanofiber, 374 ◦C. Meanwhile,
the lowest char yield was obtained for the nanofiber, which was
due to the removal of non-cellulosic components in the nanofibers.
Similar results were found in the isolation of nanofibrils from the
Helicteres isora plant (Chirayil et al., 2014). The thermogravimet-
ric analysis revealed the nanofiber obtained in this study had high
thermal stability.

3.6. Formation mechanism

A formation mechanism of cellulose nanofiber from bamboo
was proposed based on the aforementioned results and analyses
(Fig. 7). At the first step, the ester linkages between the carbohy-
drates and lignin were dissociated and lignin in the middle lamella

was depolymerized by microwave liquefaction, which resulted in
the dissociation of the intact raw bamboo into micro-sized residues.
The microwave liquefied residues had considerable accessibility
for subsequent chemical purification. Then, bleaching and alkali
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Fig. 7. Formation mechanism of cellulose nanofiber from bamboo vi

reatment were applied to completely eliminate the lignin and par-
ially remove the hemicellulose in the residues, respectively. After
lkali treatment, the cellulose fibers showed an irregular and rough
orphology allowing it more accessible for physical force. Finally,

ltrasonic radiation was used to break the hydrogen bonds. There-
ore, element nano fibrils and nano fibril bundles were obtained.
he microwave liquefaction process serves a prominent role in the
urification and defibrillation of raw bamboo during the whole pro-
ess since it enhanced the efficiency for subsequent operations by
ecreasing the chemical usage and time requirement.

. Conclusions

The present work showed that cellulose nanofibers could be suc-
essfully extracted from bamboo with microwave liquefaction and
hemical treatment as a purification process and ultrasonication
s a nanofibrillation process. Bamboo bundles were converted into
icro-sized fibers with high cellulose content by microwave lique-

action prior to chemical treatments. For the extraction of purified
ellulose fibers, bleaching and alkali treatment were employed.
owever, the amount of chemical reagents and time required were
/8 of that of traditional methods. Due to the complete elimination
f lignin and partial removal of hemicellulose, the chemically puri-
ed residues took on an irregular and rough morphology and fibril
undles began to split off from the fiber framework. The presence of
ellulose nanofibers were confirmed by TEM images, and the diam-
ters of the nanofibers were in the range of 2–30 nm.  FTIR and XRD
pectra revealed that the combination of microwave liquefaction

nd chemical treatment was an efficient approach for remov-
ng non-cellulosic materials in bamboo for cellulose nanofibers
roduction purpose. Ultrasonic irradiation resulted in a reduc-
ion in crystallinity of cellulose nanofibers. The isolated cellulose
ombination of microwave liquefaction and ultrasonication process.

nanofibers have potential application for the fabrication of ther-
mally stable composites because of their high thermal stability.
Based on these results, this new proposed method could be devel-
oped into a practical technique for the generation of cellulose
nanofibers.
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